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ABSTRACT

NATURAL AND DFMO-INDUCED TRANSFORMATION OF Trypanosoma
brucei: A COMPARISON OF SEVERAL BIOCHEMICAL PARAMETERS
Scott M. Hartman, M.S.
University of Dayton, 1992
Major Professor: Bruce F. Giffin, Ph. D.
Morphological and biochemical transformation of bloodstream form
trypanosomes from long slender (LS) to short stumpy (SS) forms is an important
event for completion of the trypanosome life cycle because it pre-adapts the
trypanosome for the change of environment upon transfer to the tsetse fly vector.
The drug a-difluoromethylornithine (DFMO), an irreversible inhibitor of
ornithine decarboxylase, inhibits polyamine biosynthesis and has been found to
induce the transformation from LS to SS forms. DFMO has been used routinely
as an inducer of LS to SS transformation in molecular and biochemical
experiments studying this transformation event. In this study we have compared
natural and DFMO-induced transformation to see if DFMO is in fact a good
model of trypanosomal transformation. A pleomorphic and a monomorphic strain
of T. brucei brucei induced with DFMO were compared with respect to growth
characteristics, morphology, intracellular polyamine levels, intracellular ATP
levels, protein synthesis, and two-dimensional gel electrophoresis of whole cell
iii

lysates labeled with “S-methionine. The results show that both DFMO-induced
and natural transformation exhibit decreased protein synthesis, increased
intracellular ATP, and a generalized decrease in the number of biosynthetically
labeled proteins on two-dimensional gels. The levels of the polyamines putrescine
and spermidine are greatly decreased in DFMO-induced trypanosomes, however,
in naturally transforming trypanosomes putrescine is slightly increased and
spermidine is increased 1.6 times that of LS trypanosomes. We therefore
conclude that the natural transformation of bloodstream form trypanosomes does
not involve a decrease in the intracellular polyamine pools, as is associated with
DFMO-induced transformation. Therefore other mechanism(s) may be involved
in regulating the natural transformation process.
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INTRODUCTION

African trypanosomes are single celled eukaryotic blood parasites that have
a life cycle which alternates between mammalian and insect hosts. Two examples
of the diseases caused by these parasites are sleeping sickness in humans and
nagana in cattle. These diseases are lethal if untreated and are responsible for
considerable losses in human lives and livestock every year in much of subSaharan Africa (Mortelmans, 1984). Although there are a number of
chemotherapeutic drug treatments available today none are completely safe and
effective.
The complex life cycle of the trypanosome requires that they adapt to
environmental changes within the mammalian host and to changes associated with
their transfer between mammalian host and insect vector. Trypanosomes adapt to
these changes by a series of morphological and biochemical transformations
(Ruben, 1990). During the course of infection in the mammalian host there is a
morphological transformation from long slender (LS) to short stumpy (SS) forms
via an intermediate (INT) form. This morphological transformation is
accompanied by a biochemical transformation which includes mitochondrial
activation (Giffin, 1989). The molecular pathways which mediate these
transformations have not yet been identified. Transformation of the LS to the SS
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bloodstream form trypanosome is thought to be necessary to ensure successful
passage to the insect vector by biochemically preadapting the trypanosome for the
change in energy substrate they will encounter within the midgut of the tsetse fly
(Boothroyd, 1985). Since the LS to SS transformation event is an important part
of the trypanosome life cycle a better understanding of this event could lead to
new and improved treatments.
The drug dl-a-difluoromethylomithine (DFMO) is an inhibitor of
polyamine biosynthesis that has been used successfully to cure laboratory rodents
infected with Trypanosoma brucei brucei (Bacchi, 1980), and Trypanosoma brucei
rhodesiense. DFMO has also undergone clinical trials in the Sudan against late
stage drug resistant cases of African sleeping sickness caused by Trypanosoma
brucei gambiense and has been proven highly effective (Bacchi, 1990; Sjoerdsma,
1984). One of the major biochemical effects of DFMO on trypanosomes in vivo is
the depletion of putrescine and a 60 to 75% reduction in spermidine within 12 to
36 hours of exposure (Bacchi and Garofalo, 1983). Concomitant with the
reduction of polyamine levels in DFMO-treated trypanosomes is a morphological
transformation from LS to SS forms which is apparently analogous to that
observed in naturally transforming trypanosomes (Giffin, 1986).
Since the discovery that DFMO induces morphological transformation from
LS to SS trypanosomes in 1983 (Bacchi and Garofalo, 1983) many researchers
have used this drug to obtain trypanosomes at various stages of transformation for
use in biochemical and molecular biology studies designed to elucidate the
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mechanisms of trypanosomal transformation. However, it had not been
determined whether the biochemical transformation induced by DFMO is an
accurate model of the transformation that occurs naturally in the bloodstream
during the course of a trypanosome infection.
The goal of this study was to establish whether trypanosomal
transformation from LS to SS bloodstream forms induced by DFMO is indeed an
accurate model of the natural transformation which occurs during the course of
infection. Studies were done to compare a monomorphic and a pleomorphic
strain of Trypanosoma brucei brucei on several biochemical parameters.
Populations of DFMO-induced transforming trypanosomes were obtained from a
monomorphic strain. Populations of naturally transforming trypanosomes were
obtained from a pleomorphic strain. The population samples were compared with
regard to growth characteristics, morphology, intracellular polyamines,
intracellular ATP, relative ability to synthesize protein, and two-dimensional gel
electrophoresis patterns of “S-methionine labeled proteins.

3

CHAPTER I
REVIEW OF THE LITERATURE

Background
Trypanosomes and their close relatives are parasitic protozoa that cause
some of mankind’s major diseases. These diseases directly and indirectly affect
millions of people primarily in the underdeveloped nations of the world. In
Central and South America Trypanosoma cruzi is the etiological agent of Chaga’s
disease which affects between 12 and 24 million people and causes considerable
morbidity and mortality (Cox, 1982). Leishmania donovani, a close relative of
trypanosomes, is the etiological agent of kala azar, a disseminated visceral disease,
which occurs in the tropical and subtropical areas of every continent in the world
except Australia and has a mortality rate of 75 to 90% in untreated cases (Sherris,
1984). A partial list of the African trypanosomes includes Trypanosoma brucei
rhodesiense, the cause of sleeping sickness in man, and Trypanosoma brucei brucei
which causes an analogous disease called nagana in domestic animals. In this
project two strains of the trypanosomes which cause nagana were studied.
Animal trypanosomiasis affects most species of domestic animals and has
come to be one of the major constraints to the development of rural Africa. The
impact of trypanosome infection on animals displays a wide variety of symptoms
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which range from complete inapparent infections to a very severe affliction
accompanied by high mortality rates (Mortelmans, 1984). This variable
pathogenesis of infection depends on a number of constantly changing and
sometimes uncontrollable factors. These factors include the susceptibility of
different livestock species, breeds and strains, the local environment and wildlife,
as well as the tsetse fly and other biting insect pressures (McKelvy, 1973). The
vulnerability of the domesticated animals to trypanosomiasis results in a decrease
in the carrying capacity of the land which in turn dramatically affects the
development of the rural areas.
In Africa tsetse flies constitute the major vectors for both human and
animal trypanosomiasis. These flies are encountered in a vast region of
approximately 10,000,000 km2 in sub-Saharan Africa. Unfortunately, 70% of this
tsetse occupied area is savanna region which is the preferred grazing site for
cattle, most of which belongs to the local settlers. The pressures of the disease
can be so high that it may constitute a major handicap for livestock improvement
and for the development of rural Africa into viable farming regions. With the
presence of the tsetse flies, large savanna areas are only partially used or not used
at all. If the flies did not exist in these areas, and hence trypanosomiasis, it is
estimated that some regions could harbor 3 to 5 times more cattle, which would
be sufficient for full and efficient integration with agriculture. A balanced
agricultural program would result in an improved socio-economic situation for the
populations living in these regions (Mortelmans, 1984).
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History

From a historical perspective, trypanosomiasis and its influence on African
culture dates back centuries. Although early observations of the disease and its
effects were often imprecise and easily confused with other illnesses, the disease
was surely present in West Africa and the Congo basin long ago. One of the
earliest recorded observations of the disease was from the Arabian historian, IbnKhaldun, who reported a disease, presumably trypanosomiasis, that commonly
affected the higher classes of the Mali kingdom in the fourteenth century. His
description of a Mali king who died in 1374 after two years of suffering leaves
little doubt that he had sleeping sickness (Levtzion, 1963).
Interestingly, during the time up until the early 1800’s the disease gained
only sporadic and limited notice. Some people believe that this was only because
the disease was isolated to West Africa and the Congo basin. Others believe that
trypanosomes were present in many other places as well and that only the absence
of the right number of people with the right sorts of habits in connection with the
right distribution of flies prevented wider incidence of the disease. The increased
travel of the European explorers into Africa looking for geographical knowledge,
opportunities for commerce, colonization, souls for Christ, and trade in ivory and
slaves undoubtedly made it possible for native diseases such as trypanosomiasis to
ravage human populations and their animals (McKelvey, 1973; Wilcocks, 1962).
One of the most devastating outbreaks of trypanosomiasis occurred in the
first decade of the 20th century in the region around lake Victoria. The
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population along the narrow band of fertile lakeshore of Uganda, which became
infested with tsetse flies, dwindled from 300,000 to 100,000 and the country as a
whole lost one tenth of its people to sleeping sickness (Boothroyd, 1985). There
is little doubt that the outbreak of disease was related to the travel by the
Europeans since the species of tsetse fly endemic in this region had been biting
the people and animals for centuries and never caused such great harm. It was at
this time that steps were taken to design strategies and drugs for the control and
treatment of this potentially disastrous disease.
One of the most important persons in elucidating the cause of sleeping
sickness was a British army doctor by the name of David Bruce. Bruce was
responsible for establishing that the tsetse fly was in fact responsible for the
transmission of nagana after a series of experiments at the close of the 1800’s.
His report detailing the results of these experiments became one of the classics of
parasitology. More important than establishing the fly’s role in the transmission
of nagana was Bruce’s discovery of the organism that caused it. Bruce discovered
the organism by examining the blood of infected animals and, following Koch’s
bacteriological methodology, established that the trypanosomes he saw in the
blood smears were responsible for causing nagana. The species has been named
Trypanosoma brucei, or Bruce’s fly in his honor.
With the establishment of the causative agent of nagana and knowledge of
how it was transferred, strategies were implemented to prevent transmission and
cure infections. To prevent transmission, bold programs designed to eradicate
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and control tsetse fly populations were established. These programs included
insecticides, collecting or trapping flies, introducing sterile male flies, and
destroying the flies’ natural habitat (Nantulya, 1986). Unfortunately, to date, all
of the attempts to rid the land in Africa of tsetse flies have been unsuccessful.
These programs, however, have maintained the number of tsetse flies at an
acceptable level which is unlikely to cause an epidemic.
To attack the parasite itself the search for drugs with both curative and
prophylactic properties has been undertaken. Nearly all of the drugs found since
the identification of the causative agents of sleeping sickness have had only
limited benefits. There have been several good chemoprophylactic and
chemotherapeutic agents which have considerably reduced the number of cases
and mortality rates in humans. However, trypanocidal resistant strains frequently
emerge, and the doses required to cure trypanosomiasis are quite toxic causing
detrimental side effects. At the present time there are still no fully acceptable
drugs available for the treatment of human or animal trypanosomiasis (Bitonti,
1990). Only with increased technology and a better understanding of the biology
of the trypanosome will a safe and effective trypanocidal drug be found. The
following sections of this review outline in more detail some of the more
important aspects of trypanosome biology and therapeutic strategy relevant to this
study.
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Life Cycle

The life cycle of the African trypanosome can be regarded as both
interesting and complex in light of the fact that it alternates between an insect
vector and a mammalian host. The insect, or arthropod, vector is a fly from the
genus Glossina which is also known by its common name as the tsetse fly. The
common name was given to the fly because the pronunciation of tsetse mimics the
noise made by the fly in flight. The name was given to the fly long before it was
known that it was the vector for trypanosomiasis. There are at least 33 different
species, subspecies, and varieties of the tsetse fly known to exist in Africa and the
importance of each, with regard to trypanosomiasis, varies considerably. There is
a wide range of mammalian hosts from which the various species of the flies feed
and transfer trypanosomiasis. A partial list of the mammalian hosts include
reptiles, ox, buffalo, cattle, and humans (McKelvy, 1973).
A diagram of the life cycle of Trypanosoma brucei brucei is shown in Figure
1. The African trypanosomes are transmitted from the mammalian bloodstream
by the insect vector. When a fly takes a blood meal from an infected mammal,
trypomastigotes are ingested with the blood meal. In the midgut of the fly the
ingested trypanosomes undergo a number of metabolic and morphologic changes
including activation of their mitochondrion and loss of their variant surface
glycoprotein. These procyclic form trypanosomes, then begin to divide and
multiply in the tsetse fly midgut. After approximately 3 weeks in the midgut, the
parasites migrate to the salivary glands or proboscis of the fly, depending upon the
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Figure 1.

Diagram illustrating the life cycle of Trypanosoma brucei brucei.
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trypanosome species, and differentiate into the metacyclic form (Donelson, 1985).
Metacyclic trypanosomes morphologically resemble the animal bloodstream
forms. They are infectious to animals and express the variant surface
glycoprotein. When the infective fly takes another blood meal, the parasites
present in the saliva of the fly are injected into the bloodstream of the animal
where they quickly differentiate into long slender (LS) bloodstream forms. These
cells divide rapidly by binary fission, alter their metabolic pathways, and continue
to express variant surface glycoproteins which allow them to evade the hosts
immune system (Englund, 1982). As the infection proceeds, the LS bloodstream
forms of a pleomorphic species undergo differentiation into a short stumpy (SS)
bloodstream form via an intermediate (INT) form. These SS forms are non
dividing, incapable of antigenic variation, and are beginning to activate their
mitochondrion, thus it is generally believed that they are pre-adapted to life inside
the insect vector (Pays, 1988). The life cycle is completed when a tsetse fly takes
a blood meal from the infected mammal and ingests the short stumpy forms which
then quickly transform into the procyclic forms in the insect midgut.
Laboratory strains of trypanosomes are generally classified as either
monomorphic or pleomorphic. Trypanosomes found in nature are termed
pleomorphic because they have the natural ability to transform from long slender
to short stumpy bloodstream forms. During the course of infection with a
pleomorphic strain the mammalian host often will have many different
antigenically distinct clones growing at the same time. One clone may be rapidly
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increasing in numbers in the LS form while another clone may be transformed to
the SS form and will shortly be removed from the bloodstream by the hosts
immune system. Infections caused by these pleomorphic strains are characterized
by having repeated parasitemic waves of large numbers of parasites followed by
remissions where the numbers of parasites are few in number (Vickerman, 1965).
There are also some strains of trypanosomes, termed monomorphic, that exist
almost entirely as long slender trypanosomes. Monomorphic strains arise in the
laboratory from pleomorphic strains after extensive syringe passage since there is
a successive selection of the fastest growing long slender forms. Mammalian
infections with monomorphic strains are characterized by an acute infection with a
very high level of parasitemia which results in host death usually within several
days. These strains do not produce significant numbers of short stumpy forms and
are unable to infect tsetse flies. They are, however, very useful for quickly and
easily obtaining large numbers of long slender (LS) trypanosomes for laboratory
experiments.

Metabolism
The different developmental stages of the African trypanosomes are
characterized by having vastly different metabolic pathways. Most notably of
these differences lies in the metabolic pathways of carbohydrate metabolism and
ATP production in the bloodstream forms found in the mammalian host. Since
the mode of energy production in the mammalian host is by a mechanism very
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different from ATP production in the parasite it has been extensively studied as a
possible means whereby an effective drug could be designed.
The different developmental stages of T. brucei differ dramatically in their
mitochondrial metabolism. Long slender bloodstream form trypanosomes contain
only one repressed mitochondrion having few cristae. They are completely
deficient in cytochromes and tricarboxylic acid cycle enzymes, however, they do
retain the ability to regenerate NAD from NADH in a reaction involving
mitochondrial glycerol-3-phosphate oxidase. A diagram of these glycolytic
pathways is shown in Figure 2. Trypanosomes do not have any energy reserves so
these LS forms generate ATP exclusively by anaerobic glycolysis (primarily
utilizing their hosts plasma glucose) producing pyruvate as an end product. One
striking feature of this trypanosomal glycolysis is that it is carried out in
specialized microbody-like organelles called the glycosomes which are unique to
the Kinetoplastida. These highly specialized organelles have been found to
contain 7 enzymes involved in glycolysis (hexokinase, phosphoglucose isomerase,
phosphofructo kinase, aldolase, triosephosphate isomerase, glyceraldehydephosphate dehydrogenase, and phosphoglycerate kinase) and 2 enzymes involved
in glycerol metabolism (glycerol kinase, and glycerol-3-phosphate
dehydrogenase) (Opperdoes, 1987).
In contrast to the bloodstream forms, the metacyclic trypanosomes found in
the tsetse fly midgut have a fully functional mitochondrion. The metacyclic
mitochondrion has many cristae, is cyanide sensitive, contains an electron
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Figure 2.

Diagram illustrating glycolysis in bloodstream form Trypanosoma
brucei brucei. (Reproduced with permission from Giffin, 1985)
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transport system, and also contains active tricarboxylic acid cycle enzymes. In this
form, the trypanosomes rely on aerobic oxidation (exclusively of proline from the
hemolymph of the fly) for their ATP generating system (Opperdoes, 1987).
In the past 15 years drug development has focused on compounds that
exploit the differences in carbohydrate metabolism between LS trypanosomes and
their mammalian hosts. The first drugs of this type were salicylhydroxamic acid
(SHAM) and chlorobenzhydroxamic acid (CLAM) which inhibit O2 dependant
glycerol-3-phosphate oxidase by competing with the enzyme for the transfer of
electrons to oxygen. When these drugs were tested on T. brucei infected rats they
were found to completely block oxygen consumption in bloodstream form
trypanosomes (Evans, 1973; Opperdoes, 1976). However, the blockage of oxygen
consumption in trypanosomes was not sufficient to inhibit motility and ATP
production. It was therefore concluded that the functional oxidase was not
essential for all energy production and that the bloodstream form trypanosomes
have an alternate anaerobic pathway for glycolysis (Opperdoes, 1976).
Shortly thereafter, Clarkson (1976) found that the use of SHAM in
conjunction with glycerol blocked both aerobic and anaerobic pathways of ATP
production in these parasites. Under aerobic conditions the trypanosome
produces 2 moles of ATP for every 1 mole of glucose metabolized. Under
anaerobic conditions, or when the terminal oxidase is blocked by SHAM, the
trypanosome produces 1 mole each of pyruvate and glycerol for every 1 mole of
glucose metabolized. Under anaerobic conditions the trypanosome therefore still
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produces ATP but at one half the yield as aerobic glycolysis. It is now known that
both glycolytic pathways can be blocked with SHAM in conjunction with glycerol.
Aerobic glycolysis can be blocked with SHAM, which blocks the terminal oxidase,
and glycerol can inhibit the anaerobic pathway by mass action (Opperdoes, 1987).
In experimentally infected rats treated with SHAM and glycerol the
parasites were immediately immobilized and cleared from the bloodstream within
5 minutes. However, after several days all animals displayed parasites in the
blood and no regimen of treatment was found to prevent the recurrence of
parasitemia. The explanation for the recurrence was that the effective levels of
SHAM and glycerol were not reached in all tissues and parasites in those tissues
survive (Clarkson, 1976). In later experiments, Van der Meer et aL (1979) and
Evans (1980) were able to cure T. brucei infected rats with SHAM and glycerol.
The apparent discrepancies in the results of the various investigators has been
attributed to variable susceptibility of different strains of trypanosomes to the
treatment regimen.
A number of studies indicate that the use of SHAM-glycerol is dependant
upon host interaction. In vitro studies of trypanosomes exposed to 4 times the
levels of SHAM and glycerol required to completely block the aerobic and
anaerobic pathways did not abolish infectivity (Clarkson, 1976). Amole (1981)
demonstrated a dose related response of mouse serum to the destruction of
SHAM-glycerol treated trypanosomes in vitro. Attempts to identify the serum
component were inconclusive, however, complement, total lipoprotein, and the
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separate components of lipoprotein (high density, low density, and very low
density lipoproteins) were ineffective in promoting lysis of T. brucei in the
presence of SHAM-glycerol in vitro (Amole, 1981). Since the effect of this serum
factor is dose dependant its identification may be important in the development of
new treatment regimens for trypanosomiasis. The addition of this factor
exogenously might reduce the amount of SHAM-glycerol required for cure, or
alternatively, the factor could be therapeutic alone.
In the past 10 years there has been a move away from SHAM-glycerol as a
therapeutic because the amount of glycerol required is dangerously high for the
host. Currently other strategies are being explored which also take advantage of
the unique carbohydrate metabolism of bloodstream form trypanosomes.
One of the most promising targets is the mechanism whereby the glycolytic
enzymes are imported into the glycosome. These glycolytic enzymes are unique to
the trypanosomes because they have novel amino acid sequences that facilitate
their transport into the glycosome. Recently it has been postulated that all of the
glycolytic enzymes in T. brucei contain two regions of positive charge spaced 40 A
apart as determined by modeling of 3-D structures and verified by crystallography
(Wierenga, 1987). These positive regions are termed "hot spots" and are not
found in the glycolytic enzymes of other organisms outside of the Kinetoplastida
family. It is postulated that the hot spots can interact with a complimentary
negatively charged site on the glycosomal membrane that facilitates import.
Drugs designed to bind to these hot spots could be beneficial because they may
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prevent import or disrupt glycosome assembly and inhibit the glycolytic reactions.
Evidence to support this theory comes from the fact that the trypanocidal drug
Suramin, which is thought to kill trypanosomes by inhibiting glycolysis, is a
symmetrical molecule containing two clusters of 3 negatively charged sulfonyl
groups separated by a distance of approximately 40 A (Michels, 1988; Opperdoes,
1987).
In summary, glycolysis in trypanosomes has certain unique features which
lend themselves to the development of new trypanocidal drugs. These features
are; 1) the bloodstream forms are completely dependant upon glycolysis for ATP
production 2) the trypanosomes have a unique form of compartmentation of the
glycolytic enzymes inside an organelle and 3) the glycolytic enzymes are both
structurally and kinetically different from their mammalian homologues. The
successful exploitation of some of these features has resulted in new approaches
in the development of a safe and effective therapy for trypanosomiasis.

Antigenic Variation
One of the most intriguing features of the African trypanosome is the
ability to evade the immune system of the mammalian host by the process of
antigenic variation. The trypanosomes sequentially express on their surface a
series of variant surface glycoproteins (VSG’s) which enable the population of
trypanosomes to keep one step ahead of the immunological response raised
against them. The effect of this phenomena was first observed in 1907 by
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Massaglia who noted that the levels of trypanosomes in the blood of infected
rodents fluctuated frequently over several weeks between very high and virtually
non-detectable levels. Ross in 1909 reported a survey of daily counts over a 73
day period of trypanosomes in the bloodstream of a patient with human sleeping
sickness which revealed 11 peaks of parasitemia, at regular intervals, followed by
remissions where parasite levels were very low (Ashall, 1986; Boothroyd, 1985). It
is now known that this regular series of parasitemias and remissions is due to
antigenic variation, and in the past decade there has been an explosion of
research in this area.
When metacyclic trypanosomes are injected into the bloodstream by a
feeding tsetse fly, the mammalian host mounts a humoral immune response
against the specific variant antigen type (VAT) of the invading parasites. During
the time required for immune response to be realized the metacyclic
trypanosomes quickly transform into the long slender bloodstream form and begin
to propagate by binary fission with all offspring expressing the same VAT. During
these cell divisions some of the offspring spontaneously switch their VAT at a
frequency of approximately 1 in 104 to 1 in 106 cells per population (Turner, 1985).
The immune response of the host does not induce this switch since it has been
shown to occur in immunocompromised animals as well as in vitro in the absence
of serum antibodies (Cross, 1975; Doyle, 1980). Subsequently, when the host
launches its immune response, it is directed against the initial infecting clone and
eliminates only those parasites which results in a dramatic decrease in the level of
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parasitemia. Subsequently, the remaining parasites that have switched their
antigens undergo rapid cell division and bring about a recurrence of the
parasitemia. This process occurs repeatedly and results in the recurrent waves
and remissions of parasitemia. It is the phenomena of antigenic variation which
allows the trypanosomes to keep one step ahead of the hosts immune response.
Immunological control of the parasite by the host is nearly impossible due
to the complex nature of the VSG. The gene repertoire encoding for the VSG is
between several hundred and several thousand genes, each of them antigenically
distinct, and only a single VSG is expressed on a trypanosome at any time. In
addition the sequence of expression of different VSGs is not rigorously conserved
in different infections. Although there appears to be a strong tendency for some
VSGs to appear early and others to appear late it is obviously important to the
parasite to keep some in reserve for later stages of the infection (Englund, 1982).
These aspects of antigenic variation allow the parasite to be successful in the
mammalian host.
The variant surface glycoprotein coat is found on the trypanosome only
during specific life cycle stages. The VSG coat first appears on the metacyclic
trypanosomes found in the salivary glands of the tsetse fly and are the infective
form for mammals. The metacyclic trypomastigotes are injected into the
mammalian bloodstream by the feeding tsetse fly which then quickly differentiate
into the dividing bloodstream forms and continue to express VSG. The
bloodstream forms continue to express VSG as they transform from LS to SS
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forms. Upon ingestion by a tsetse fly feeding on the infected mammal, the SS
bloodstream forms quickly lose their VSG and differentiate into the procyclic
forms. A phospholipase capable of releasing membrane form VSG has been
found in bloodstream form T. brucei however it is unclear at the present time if
this enzyme plays an obligatory role in the release of the surface VSG during the
differentiation of bloodstream to procyclic forms (Bulow, 1989). The pathways
involved in the synthesis and breakdown of the VSG are not completely
understood. However, with the recognition that the synthesis of VSG is essential
for the parasite to survive within the mammalian host (Boothroyd, 1985)
significant effort has been directed to this area of study.

Role of Polvamines
The polyamines are an intriguing class of simple aliphatic polycations
which are distributed ubiquitously in biological materials. An essential role of the
natural polyamines (spermidine, spermine, and their precursor putrescine) in
normal growth and proliferation of eukaryotic and prokaryotic cells has been
firmly established (Grillo, 1985; Pegg, 1982; Seiler, 1986). The structural formulas
of these three polyamines and their biosynthetic pathway are shown in Figure 3.
Although the physiological function of these amines are still not well understood
at the molecular level, studies have shown that their concentration is highly
regulated and that normal cellular growth and differentiation require polyamines.
It is more than likely that the specificity of the interaction of
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Figure 3.

The polyamine biosynthetic pathway.

1. Ornithine decarboxylase
2. S-adenosyl-L-methionine decarboxylase
3. Spermidine synthase
4. Spermine synthase

D FM O is shown blocking reaction 1, the conversion o f L-omithine to putrescine
by the enzyme ornithine decarboxylase. (Reproduced with permission from Giffin,
1985)
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polyamines with other biomolecules is related to the fact that the positive charge
of polyamines is distributed over the length of the molecule and, unlike inorganic
cations, are not point-localized charges (Marton, 1986). Because of their intimate
involvement with cellular growth and differentiation, the polyamines have received
considerable attention in recent years as possible chemotherapeutic targets for
human ailments such as cancers and parasitic protozoan infections.
The biosynthetic pathways for polyamines were first studied in prokaryotes
but, in general, the same biosynthetic steps have been found in eukaryotes.
Synthesis of polyamines (Figure 3) in mammalian and many lower eukaryotic cells
begins with ornithine which gives rise to putrescine following decarboxylation by
the enzyme ornithine decarboxylase. Putrescine can then be transformed into
spermidine and spermine by successive transferase reactions with the addition of
aminopropyl groups from decarboxylated S-adenosylmethionine. The
decarboxylated S-adenosylmethionine pool is totally committed to polyamine
production since no other reactions utilizing this molecule at physiologically
significant rates are known. Since the production of decarboxylated Sadenosylmethionine is maintained at low levels it constitutes the rate limiting
factor in spermidine formation. Many microorganisms and higher plants use the
same reactions, however, they are also able to produce putrescine from agmatine
which is produced by the decarboxylation of arginine (Pegg, 1988).
Two of the enzymes in these pathways are of particular interest: namely
ornithine decarboxylase and adenosylmethionine decarboxylase. Ornithine
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decarboxylase has a strikingly short half-life in mammalian cells ( “ 10 min) and
increases rapidly and dramatically after exposure to a variety of growth stimuli.
Adenosylmethionine decarboxylase also has a relatively short half-life ( “ 1-2 hr)
and has the added interest that it contains covalently bound pyruvate as a cofactor
instead of pyridoxal phosphate, the usual cofactor for decarboxylases (Tabor,
1982). The short half-lives of these two enzymes presumably reflects the
physiological importance of polyamines and indicates the cells need for rapid
responses in polyamine levels to a variety of stimuli, including hormones and
other growth promoters. The regulation of polyamines levels by these two
enzymes, therefore, allows for tight regulation of these polycations which could
not be accomplished with inorganic cations.
Specific inhibitors of the biosynthetic pathways have been very useful for
gaining insight into the role of polyamines in cell systems. One of the most
important inhibitors is a-difluoromethylornithine (DFMO) which is a specific
irreversible inhibitor of ornithine decarboxylase. In mammalian and lower
eukaryotic cells, which rely on the synthesis of putrescine from ornithine, DFMO
effectively blocks the biosynthesis of putrescine and the subsequent formation of
spermidine and spermine. The use of this inhibitor has spawned tremendous
amounts of research in attempts to elucidate the role of polyamines in many
different cell systems (Pegg, 1982; Tabor, 1984). Another polyamine biosynthesis
inhibitor that has received considerable attention is methylglyoxyl
bis(guanylhydrazone) (MGBG) which is a competitive inhibitor of
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adenosylmethionine decarboxylase. MGBG prevents the formation of spermidine
and spermine but has no effect on the synthesis of putrescine (Pegg, 1982).
The molecular mechanisms by which the polyamines exert their influence
on cellular processes such as growth and differentiation of cells have not been
elucidated as of yet. Although it is clear that the polyamines are required for
these cellular processes it is very difficult to evaluate which specific biochemical
systems are directly affected by the presence or absence of polyamines. Many
processes are affected by the stimulation or inhibition of growth that definition of
a direct causal relationship between polyamines and some other specific
biochemical system is most difficult (Tabor, 1984). A very large number of papers
are available that describe the effects of polyamines in vitro and in vivo on many
systems including DNA, RNA, and protein synthesis. A brief summary will be
presented here.
A number of observations linking polyamines to interactions with DNA
have been reported. In several different types of synchronized mammalian cells
ornithine decarboxylase and polyamine levels were highest at the end of the G1
phase of the cell cycle suggesting a role for polyamines in preparation for DNA
synthesis (Tabor, 1984). They may also be involved in the initiation of DNA
synthesis in mammalian cells (Boynton, 1976). In E. coli mutants, polyamines
have been shown to affect the movement of the replication fork (Geiger, 1978).
Other in vitro studies have shown that polyamines cause precipitation of nucleic
acids, increase their melting temperature, protect them against enzymatic
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degradation, x-irradiation, mechanical shear, and the transition from B-DNA to ZDNA (Marton, 1986). The intimate involvement of the polyamines in cellular
growth may relate to these nucleic acid interactions, although many other
mechanisms can and have been implicated as well.
Polyamines have been implicated in the synthesis of RNA and have been
shown to interact with tRNA. In castrated female or male mice a 1,000-fold
stimulation of ornithine decarboxylase has been observed in kidney cells after
androgens were administered. This effect was particularly striking since, after
androgen stimulation, RNA levels increased dramatically while there was only a
small increase in DNA content (Tabor, 1984). Another study showed a two-fold
stimulation of ribosomal RNA synthesis when ornithine decarboxylase was
injected into Xenopus oocytes and the suggestion was made that ornithine
decarboxylase is the protein that regulates the initiation of RNA synthesis
(Caldarera, 1975; Russel, 1983). A number of studies have shown that polyamines
can bind to specific sites on tRNA molecules (Cohen, 1978; Pochon, 1972) and
spermidine is reportedly involved in the aminoacylation reaction of tRNA
(Nothig-Laslo, 1981). Taken as a whole, it is difficult to assign a particular
function to the interaction or influence of polyamines on RNA molecules.
However, it is very apparent that they do play an integral role in RNA function.
Protein synthesis, both in vitro and in vivo, has also been shown to be
affected in various ways by the presence or absence of polyamines. In vitro
studies have been concerned with the effect of polyamines on the overall rate of

29

protein synthesis, on the fidelity of the translation, and on specific steps involved
in protein synthesis, such as aminoacyl-tRNA synthesis, aminoacyl-tRNA binding,
and on the initiation or elongation of the polypeptide chain. In most, but not all,
of the studies the effects were not specific and could be duplicated by larger
amounts of divalent cations (Tabor, 1984). More convincing results come from in
vivo studies of amine free E. coli mutants. These polyamine deficient mutants
grow at a slower rate which can be reversed by the addition of polyamines. It has
been suggested that in polyamine deficiency there is an altered conformation of
the aminoacyl-tRNA-ribosome protein synthesizing complex which reduces the
efficiency of protein synthesis (Tabor, 1982). Although the effects of polyamine
deficiency in vitro can be overcome by addition of divalent cations, the in vivo
studies clearly indicate that the absence of polyamines decreases the rate of
protein synthesis.
The universal occurrence of putrescine, spermidine, and spermine in
biomaterials suggests that they fulfill important biological functions. Although it
is often difficult to pinpoint exact interactions and molecular mechanisms by
which the polyamines act, it is clear that they are ultimately important for cell
growth and differentiation. The use of polyamine mutants and polyamine
biosynthesis inhibitors most certainly helps to explain the mechanisms of
polyamine function. Further studies utilizing polyamine mutants and polyamine
biosynthesis inhibitors will undoubtedly result in a better understanding of the
biological significance of these molecules and lead to chemotherapeutics for
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diseases such as cancer and protozoan parasites which are caused by rapidly
dividing cells.

Trypanosomal Transformation
Differentiation from the long slender to short stumpy bloodstream forms is
necessary for the completion of the trypanosome life cycle. The factor(s) which
trigger(s) this differentiation event and the mechanism(s) by which it occurs
remain largely unknown. Since this transformation event is such a critical event in
the trypanosome life cycle, there has been a great deal of research in the area. A
number of different stimuli and intracellular factors have been found that can
influence, or are associated with, this differentiation event and studies on the
mechanism(s) have revealed some similarities to classical models of cellular
differentiation.
The role of cyclic nucleotides, and especially cyclic 3’,5’-adenosine
monophosphate (cAMP), as a second messenger is now well established in a
variety of prokaryotic and eukaryotic cell systems. Alterations in intracellular
content of cAMP have been implicated in cell differentiation, reproduction, and
macromolecular synthesis (Mancini, 1981). The role of cAMP in trypanosomal
differentiation has been studied recently. Membrane bound adenylate cyclase
activity, the enzyme which makes cAMP, has been found in T. brucei raising the
possibility that it may become active in response to receptor binding of
extracellular signals as in other cell systems (Martin, 1978). Several other workers
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have shown that cAMP levels of long slender T. brucei increase in parallel with
the parasitemia until high concentrations interfere with multiplication. When
replication ceases, differentiation occurs and cAMP levels fall drastically (Davis,
1989; Mancini, 1981). Similar results have been observed in other species of
trypanosomes (Strickler 1975; Rangel-Aldao 1984) and a closely related parasite,
Leishmania (Walter, 1978).
Most, if not all, of the effects of cAMP in eukaryotic organisms are
mediated by cAMP-dependant protein kinases. Cyclic AMP binding proteins have
been found in T. brucei as well as in other trypanosomes. In T. brucei, 80% of the
cAMP binding proteins are found in the cytosol, but it has not been established
that these proteins are indeed protein kinases (Rangel-Aldao, 1984). Although
the studies with cAMP are inconclusive, similarities between the trypanosomal
cAMP system and that of other eukaryotic cells suggests that cAMP does have a
regulatory function in trypanosomes. Further in vivo and in vitro studies should
permit analysis of the developmental role of this cyclic nucleotide in the life cycle
of trypanosomes.
It has long been suggested that host-derived molecules play a role in the
growth and differentiation of trypanosomes. In both bloodstream and insect stage
trypanosomes grown in culture there is a requirement for fetal bovine serum for
growth. Furthermore, addition of cells such as fibroblasts or epithelial cells can
produce changes in growth implying that host-derived components are involved in
determining growth rate (Hirumi, 1977; Hill, 1978). Recently it has been
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discovered that T. brucei contains an epidermal growth factor (EGF) receptor
homologue on the trypanosome surface which interacts with EGF. EG F is the
most widely studied growth factor and has been shown to modify cell growth rate
by binding to a cell surface receptor which triggers, by means of phosphorylation
events, changes at the nuclear level. These changes at the nuclear level then act
to alter the rate of cell division (Deuel, 1987). Procyclic T. brucei grown in vitro
show an enhanced growth rate in the presence of EGF. Addition of EG F to
enriched fractions of bloodstream form T. brucei membranes has also been shown
to stimulate an increase in protein kinase activity of specific polypeptides (Hide,
1989). The function of these phosphorylated proteins is currently unknown. The
observations that EGF modifies membrane protein kinase activity and stimulates
trypanosome growth rate in vitro suggests that a growth factor-dependant
regulatory pathway is exists in this parasite. It also suggests that host growth
factors are involved in the regulation of trypanosome growth and differentiation.
There are a number of proteins synthesized by cells which are associated
with cell growth and proliferation. The oncogene family of proteins is associated
with normal growth and proliferation of cells as well as with cellular
transformation. The human proto-oncogene c-myc has been identified as one of
the "competence genes" that is rapidly induced upon exposure to growth factors
and encodes a phosphoprotein which functions as an intracellular mediator of the
growth response to platelet derived growth factor (Kaczamarek, 1985). Recently
it has been found that T. brucei expresses myc-like proteins that cross react with
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polyclonal antibodies against the recombinant c-myc oncoprotein. Further it has
been shown that T. brucei DNA contains sequences that hybridize to myc probes
(Davis, 1989). In vertebrate cells, both elevated intracellular cAMP and DFMO
treatment cause differentiation with a concomitant decrease in c-myc expression.
Although the role of myc-like proteins in T. brucei has not yet been investigated, it
is possible that there are stage-specific differences in the expression since, like
vertebrate cells, trypanosomal transformation is correlated with elevated
intracellular cAMP and can be induced by DFMO (Slungaard, 1987; Celano,
1988).
The heat shock response, induced by a variety of stressful environmental
stimuli, has been observed in all organisms analyzed to date. H eat shock
response causes the synthesis of a number of heat shock proteins (Hsp’s),
regulated at the transcriptional level (Tanguay, 1988), which have a nuclear
location and may be involved in differentiation (Van der Ploeg, 1985). In some
cases the induction of heat shock gene expression can also occur as part of the
developmental pathway such as during embryogenesis in mice (Bensaude, 1983),
sporulation of yeast (Kurtz, 1986), or during the passage of some parasitic
protozoans between mammalian host and insect vector (Lee, 1988). It has been
shown that in Leishmania species the heat shock response, and subsequent heat
shock protein synthesis, is observed both in vitro and in vivo when promastigotes
are switched from 240C to 34 • C. With the changing environment the
promastigotes then differentiate into the amastigote forms. It is postulated that
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the heat shock proteins play an adaptive role in the transition of Leishmania from
insect to mammalian host (Lawrence, 1985; Hunter, 1984). In T. brucei it has
been shown that transcripts of heat shock genes (homologous to Hsp 70 and Hsp
83) were 25 to 100 times more abundant in bloodstream forms than in insect
stages (Van der Ploeg, 1985). It has also been shown that the temperature shift
from 37 ’ C to 270C triggers the transformation of bloodstream forms to procyclic
(insect) forms in vitro (Czichos, 1986). Although these responses have been noted
for the transformation of insect to mammalian hosts and vice versa, it raises the
possibility that a similar mechanism can occur in the long slender to short stumpy
bloodstream form transformation. Induction of heat shock proteins has been
observed in Chironomus salivary gland cells with a shift in temperature from 37 ° C
to 39 ’ C for 10 minutes (Vincent, 1979). It is thus entirely possible that, in the
mammalian host, a rising parasitemia from a T. brucei infection could induce an
immune response resulting in a fever in the infected mammal. The fever could
then trigger a heat shock response and subsequent transformation from LS to SS
forms. The fact that one of the symptoms of human trypanosomiasis is a
recurrent bout of fever (Sherris, 1984) gives further support to this possibility. To
date, however, there has been no formal study to determine the validity of this
hypothesis.
Finally, the inhibition of polyamine biosynthesis has been found to alter
growth and induce differentiation in a number of cell systems. The polyamine
system has been studied extensively in trypanosomes because the ornithine
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decarboxylase inhibitor a-difluoromethylomithine (DFMO) has been shown to
effect cures in both experimental murine infections (Bacchi, 1980) and human
sleeping sickness (Van Nieuwenhove, 1985). Administration of DFMO to T.
brucei grown both in vitro and in vivo is found to rapidly deplete the intracellular
polyamine pools and causes both the cessation of cell division and differentiation
of LS to SS forms (Bacchi, 1983; de Gee, 1984; Giffin, 1986). Furthermore, the
DFMO-induced transformation of T. brucei stimulates the activation of the
mitochondrion in the LS form. This is noted by increased mitochondrial enzyme
activity and cristae development as observed by electron microscopy (Giffin,
1989). Presumably DFMO is able to cure in vivo trypanosome infections by
halting growth of the LS form and stimulating transformation of all of the
parasites to the non-dividing short stumpy form which is incapable of antigenic
variation. The host immune system is then able to clear the trypanosomes from
the system in an antibody dependant manner (Bitonti, 1986; de Gee, 1983). The
mechanism by which DFMO causes this transformation to occur is currently
unknown.
As in other cell systems, depletion of polyamines following DFMO
treatment reduces the rates of DNA and RNA synthesis in trypanosomes (Bacchi,
1983). Protein synthesis in rat hepatoma cells has also been shown to be reduced
in the presence of DFMO (Rudkin, 1984). However, the literature is unclear with
regard to the effect of DFMO treatment on protein synthesis in trypanosomes.
Whereas Bacchi et at (1983) reported a 3-4 fold stimulation of protein synthesis
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in T. brucei exposed to DFMO for 36 hours in vivo, Bitonti et aL (1988) reported a
30-40% decrease in protein synthesis of T. brucei grown in vivo in the presence of
DFMO for 24 hours. A better understanding of the effect of DFMO on protein
synthesis is needed in order to determine the impact on variant surface
glycoprotein synthesis and to determine the mechanism through which DFMO
induces differentiation of trypanosomes.
Transformation from long slender to short stumpy bloodstream forms is a
very complex and important event in the life cycle of the Trypanosoma brucei
subspecies. The mechanism(s) and trigger(s) for this differentiation are currently
unknown, however, a great deal of progress has recently been made in
understanding the biology of this transformation. The models and mechanisms
outlined above represent an overview of some of the most significant research in
this area. Further research on this problem will undoubtedly reveal a complex
and novel transformation mechanism as well as new approaches to drug
development and therapies for trypanosomiasis and related diseases.
The present study was designed to biochemically compare the LS to SS
transformation induced by DFMO with the naturally occurring LS to SS
transformation. The main objectives were to identify differences, if any, in the
two types of trypanosomes with regard to intracellular ATP levels, intracellular
polyamine levels, relative rates of protein synthesis, and two-dimensional gel
electrophoresis patterns of newly synthesized proteins. This comparison is
important since many researchers currently use DFMO induced transforming
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trypanosomes as a model system for studying this important life cycle stage of the
trypanosome.
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CHAPTER II
MATERIALS AND METHODS

Experimental Procedure.

An overview of the experimental procedure is

shown in Figure 4. Single populations for each of the five different trypanosome
treatments were obtained from pooling together the parasites harvested from 3-4
rats. These single populations were then used for morphological analysis,
polyamine analysis, ATP analysis, and in vitro labeling with “S-methionine.
Samples of the labeled trypanosomes were then used for TCA precipitation while
the remainder were solubilized as described above. The soluble labeled protein
was then assayed for protein and analyzed by two-dimensional gel electrophoresis.

Trypanosome Strains.

Two strains of Trypanosoma brucei brucei were

used in this study, a monomorphic strain identified as Lab 110/EATRO (referred
to as EATRO 110) and a pleomorphic strain identified as LUMP 1.0. Both
strains were obtained from Cyrus Bacchi of the Haskins Laboratories at Pace
University, New York, N.Y.. Frozen stabilates of long slender forms were
prepared and stored under liquid N2.
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Figure 4.

Diagram illustrating the experimental scheme used in this study to
analyze the populations of trypanosomes.
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Populations of Trypanosomes

In vitro labeling
with 3sS-methionine

Two-Dimensional
Gel Electrophoresis

TCA
Precipitation

Growth of Trypanosomes In Fzvo,

Trypanosomes of both strains were

grown in a similar manner. Trypanosomes from frozen stabilates were injected at
a dose of 1 x 107 parasites in a 1 ml volume of phosphate saline glucose (PSG)(55
mM potassium phosphate dibasic, 3.5 mM potassium phosphate monobasic, 45
mM sodium chloride, 35 mM glucose, pH 8.0) intraperitoneally into 250 gm
Holtzman retired female breeder rats (Holtzman Laboratory Animals, Madison,
WI). The extent of trypanosome infection was determined by Geimsa stained
smears of tail blood observed with a phase contrast microscope. The
concentration of parasites in blood was determined by direct count of the number
of parasites in an aliquot of a 1/10 - 1/1000 dilution (in 0.87% w/v ammonium
chloride) in a hemocytometer.

Difluoromethylomithine (DFMO) Treatment of Infected Animals.
DFMO was a gift from Merrell Dow Pharmaceutical Co., Cincinnati, Ohio.
Animals that were to be treated with DFMO had their drinking water removed 12
hr prior to the administration of the DFMO treatment. Animals were given the
DFMO in their drinking water, ad libitum, as a 4% (w/v) solution, pH to 7.0 with
NaOH.

Purification of Trypanosomes.

Whole blood was removed from ether

anesthetized animals by cardiac puncture. Animals were bled into 10 ml syringes
containing 1 ml of 0.1 M EDTA and the blood was centrifuged at 1000 x g for 10
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min at 4 ° C. After centrifugation the buffy coat containing the parasites was
collected. The parasites were purified from blood elements by passing the buffy
coat fraction over DEAE cellulose columns (diethylaminoethyl, BioRad
Laboratories, Richmond, CA) which retained the blood cells but not the
trypanosomes (Lanham, 1970). The trypanosomes were then washed from the
column with trizma saline glucose (TSG) (82.5 mM trizma base, 50 mM sodium
chloride, 100 mM glucose, pH 8.0). The final preparation was essentially 100%
purified trypanosomes.

Morphological Analysis.

Trypanosome samples from each population

were fixed on microscope slides by air drying. Slides were stained for 30 minutes
in Giemsa stain prepared by diluting stain stock solution (0.8% (w/v) Giemsa
stain in 60% glycerol, 40% methanol) 1/50 with Giemsa buffer ( 2.5mM
NaJIPO,,, 5mM KH2PO„, pH 6.8). Slides were then examined under a microscope
at 1000 x magnification. Trypanosomes were classified as LS, INT, or SS based
upon cell shape, cell length, shape of nucleus, and position of kinetoplast. LS
trypanosomes are the longest and most narrow with an elongated nucleus and
subterminal location of the kinetoplast. The SS forms are shorter, broader, and
have a circular nuclei and a terminally located kinetoplast. The INT forms are in
the continuum between LS and SS forms. Morphology of each of the sample
populations was determined by counting and classifying 150-200 stained parasites
as either LS, INT, or SS and calculating the percentages of each form.
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Polvamine Analysis,

Trypanosome samples of 2 x 107 cells were

collected by centrifugation in 500 n\ microfuge tubes at 13,500 rpm for 5 minutes.
After removing the supernatant, the cell pellets were solubilized with 150 g l of 0.4
M perchloric acid and incubated at room temperature overnight. Samples were
centrifuged at 13,500 rpm for 10 minutes to remove precipitated protein and
nucleic acid. The supernatant, containing the polyamines, was then filtered
through 0.2 nm. polysulfone membrane acrodisc filters (Gelman Sciences, Anne
Arbor, MI) as a final preparation for HPLC analysis. Polyamine samples were
analyzed on a Dionex D-300 HPLC system equipped with a cation separator
column (#HPIC-CS1, Dionex Corp., Sunnyvale, CA) and a Gilson Spectra/Glo
fluorometer using the method described by Wagner et al. (1982). Briefly, this
method involved applying the samples to a cation exchange column and then
successively eluting the polyamines off with buffers of increasing salt
concentrations. The eluted polyamines were derivitized with the fluorescent dye
o-pthaldehyde before passing through the fluorometer.

Intracellular Adenosine Triphosphate Determination.

Intracellular

adenosine triphosphate was measured using a Turner Designs Model 20
Photometer (Mountain View, CA). A known number of trypanosomes (range =
10s to 106 cells) in 100 gl of TSG was mixed with 100 gl HEPES buffer (50 mM
HEPES, pH 7.5, 50 mM magnesium chloride, and 0.1% (w/v) bovine serum
albumin) and 100 gl of 0.1% (w/v) Nonidet P-40 in a 2 ml plastic tube. The tube
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was inserted into the photometer and 100 M of luciferin-luciferase enzyme (Sigma
Chemical Co., St. Louis, MO) was injected into the sample. Photometer output
was converted to n moles ATP from a standard curve prepared by measuring
known amounts of ATP diluted in TSG in an identical fashion as the trypanosome
samples.

In Vitro Labeling of Trypanosomes With 15S-Methionine.

Purified

trypanosomes were labeled in vitro with “S-methionine to obtain radiolabeled
proteins for two-dimensional gel electrophoresis. The labeled trypanosomes were
also used to assess the ability of the trypanosome populations to synthesize
protein. For labeling experiments the trypanosomes were added to a final
concentration of 3 x 106 cells per ml of methionine deficient complete medium B
(Eagle’s Minimal Essential Media (Sigma Chemical Co.) supplemented with 30
mM HEPES, 1% (v/v) 10 mM MEM non-essential amino acid solution (lOOx), 25
mM sodium bicarbonate, 2% (w/v) glucose, and 15% (v/v) fetal calf serum, pH
7.3) supplemented with 75 MCi/ml of Tran^S-label (ICN Biomedicals, Irvine, CA).
The parasites suspended in labeling media were placed into 25 cm2 tissue culture
flasks (10 mis per flask) containing a confluent monolayer of embryonic bovine
trachea cells (American Type Culture Collection, Rockville MD). Flasks were
incubated at 37°C in an atmosphere of 95% air and 5% CO2 for 1.5 hours.
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Collection of Soluble ^S-Methionine Labeled Proteins.

At the end of

the labeling period samples of the media containing the labeled trypanosomes
were removed for the determination of “S-methionine incorporation as described
below. The remainder of the labeled trypanosomes were collected by
centrifugation at 1000 x g for 10 min at 4 ° C and washed three times with a 2 ml
volume of PSG. Whole cell lysates were prepared from the labeled cells by
adding solubilization buffer (9 M urea, 4% v/v Nonidet P-40, 2% v/v 0mercaptoethanol, 0.5 mM phenymethylsulfonyl fluoride, and 2% w/v pH 3-10
ampholytes) directly to cell pellets and allowing the buffer to solubilize the pellet
for two hours at room temperature. After solubilization the protein samples were
centrifuged in a microfuge at 13,500 rpm for 5 min to remove any insoluble
material. The samples were then assayed for protein by a modified method of
Bradford (Ramagli, 1985) and the total soluble protein was calculated. This
soluble protein was then used for two-dimensional gel electrophoresis as described
below.

Determination of ^S-Methionine Incorporation Into Protein.

The

incorporation of “S-methionine into protein was determined by acid precipitation
of whole cells. After the in vitro labeling, duplicate 100 gl aliquots of
trypanosomes in labeling media were added to 2 ml of ice cold 10% (w/v)
trichloroacetic acid in water. Background samples were prepared by precipitating
duplicate 100 gl aliquots of cell-free labeling media. After a two hour incubation
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at 4°C, the precipitated proteins were collected on Whatman G F /C glass
microfiber filters using a Millipore vacuum filtration unit. The filters were
washed with 5 mis of 10% (w/v) TCA in water, 25 mis of water, 10 mis of
methanol, and 10 mis of acetone. After drying, the filters were placed in 7 ml
plastic scintillation vials with 5 mis of Ready-Safe fluor (Beckman Instruments,
Fullerton, CA). The “S-labeled TCA precipitable protein was then counted in a
Beckman model LS 3801 scintillation counter. The average cpm’s from the
duplicate 100 /xl samples (corrected for background) were then extrapolated to
the total volume of labeled cells which were solubilized and assayed for protein.
An average specific activity of the proteins was then calculated using the values
for the total soluble protein as described above.

Two-dimensional Polyacrylamide Gel Electrophoresis.

The first

dimension separation was carried out in 12 cm x 1.5 mm diameter polyacrylamide
isoelectric focussing tube gels essentially as described by O’Farrell (1976). The
tube gels consisted of 8 M urea, 4% (w/v) acrylamide/bis-acrylamide (stock
solution 30% total monomer, 5% bis-acrylamide cross linker), 2% (w/v) NP-40,
1.8% (w/v) pH 5-7 ampholytes, and 0.36% (w/v) pH 3-10 ampholytes.
Polymerization of this gel mixture was initiated, after degassing, by the addition of
3.5 /xl TEMED and 5 /xl 10% (w/v) ammonium persulfate per 5 ml of gel
solution.

Radiolabeled proteins from the whole cell lysates at 2 x 106 cpm were

loaded onto the basic end of the tube gels and then overlaid with 10 /xl sample
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overlay which consisted of 8 M urea, 0.6% (w/v) pH 5-7 ampholytes, and 0.15%
(w/v) pH 3-10 ampholytes. The anode buffer was 10 mM phosphoric acid and the
cathode buffer was 20 mM sodium hydroxide. Gels were run at 700 volts for 16
hours followed by 1000 volts for an additional hour.
Following the isoelectric focussing run, the tube gels were extruded and
equilibrated for 15 minutes in 1.0 m l/tube gel equilibration buffer (60 mM tris pH
6.8, 2% (w/v) SDS, 5% (v/v) 0-mercaptoethanol, 0.002% (w/v) bromophenol
blue). The tube gels were then placed on top of 1.5 mm 10-15% (w/v) linear
gradient SDS polyacrylamide gels. The 10-15% separating gel contained 0.375 M
Tris base, pH 8.9, and 0.1% (w/v) sodium dodecyl sulfate (SDS). The stacking
gel was 4.5% (w/v) polyacrylamide containing 0.135 M Tris base, pH 6.8, and
0.1% (w/v) SDS. The running buffer was 25 mM Tris base, 0.192 M glycine,
0.1% SDS, pH 8.3. The gels were run at 27.5 mA/gel for 30 minutes and then
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the current was increased to 32.5 mA/gel for 3 hours at 5 0C.

Autoradiography of Polyacrylamide Gels,

The two-dimensional gels of

radiolabeled proteins, following electrophoresis, were dried onto Whatman 3mm
filter paper under vacuum at 70°C for 1.5 hours. The dried gels were exposed to
Kodak X-AR x-ray film at -70°C. After appropriate exposure times the film was
developed in an Agfa model Curix 60 (Munich, Germany) x-ray developing
machine.

Imaging of 2-D Gel X-Rays.

The x-ray films showing the two-

dimensional patterns of the labeled proteins were scanned on a BioRad model
620 video densitometer using 2-D Analyst II software (BioRad Laboratories,
Richmond CA). Ellipse images of the scanned gels illustrating the most prevalent
proteins spots were produced and printed out.
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CHAPTER III
RESULTS

Growth and Morphology. In order to make appropriate comparisons with
the biochemical studies, it was important initially to study the growth patterns and
morphology of the two strains of trypanosomes. Figure 5 A shows the growth
profile of EATRO 110 in four animals over a three day period. At approximately
18-24 hours after inoculation the parasites reached the level of detectability which
is 10s cells per ml of blood. This monomorphic strain then grew exponentially
until host death which occurs when the parasites reach a population of 1-2 x 109
per ml of blood.
The growth of EATRO 110 in vivo with DFMO treatment is shown in
figure 5 B. Within 10 hours after the administration of DFMO to infected
animals the growth of the parasites was halted. Parasites maintained their level of
parasitemia for an additional 40-50 hours at which time the numbers fell rapidly,
presumably because of elimination by the hosts immune system.
The growth profile of the pleomorphic strain LUMP 1.0 was very different
from the EATRO 110 strain as seen in Figure 5 C. The LUMP 1.0 strain had a
considerably longer incubation period to reach detectable levels of parasites than
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Figure 5.

Growth curves o f the monomorphic EATRO 110 without
D FM O (A ) and with DFM O (B) and the pleomorphic
LUM P 1.0 (C) trypanosome strains grown in vivo. Each line on the
graphs represents the course o f parasitemia in one animal. Each
data point is from the average o f two direct counts using a
hemocytometer as described in the materials and methods.
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the EATRO 110 strain (approximately 50 hours vs. 24 hours), even though the
same number of parasites were inoculated. This pleomorphic strain also displayed
the characteristic pattern of alternating high and low parasitemic waves.
The morphological differences between LS, INT, and SS Trypanosoma
brucei brucei can be seen in Figure 6. Long slender trypanosomes (Figure 6 A)
are characterized by having an elongated body with a single long flagellum. In
addition, the LS forms have an elongated centrally located nucleus. Intermediate
form trypanosomes (Figure 6 B) have a shorter and wider body with a shorter
flagellum than the LS form . The nucleus in INT forms is also more circular than
elongated as in the LS forms. The short stumpy form, as seen in Figure 6 C, is
shorter and broader than the INT form and its nucleus is nearly circular. The
single flagellum in SS forms is much shorter than in the INT form or may be
absent. The short stumpy forms also have dense staining microbodies visible in
their cytoplasm.
The morphological analysis of Giemsa stained samples from each
population of trypanosomes is shown in Table 1. Monomorphic EATRO 110
trypanosomes not treated with DFMO were found to be 95% long slender with
only few intermediate and no short stumpy forms present. Populations of
trypanosomes exposed to DFMO in vivo for 24 and 48 hours were found to
undergo a marked transformation from LS to SS forms via an INT form. After
only 24 hours of exposure to DFMO there was clearly a shift in morphology from
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Figure 6.

Photomicrographs illustrating the morphological characteristics of
Trypanosoma brucei brucei EATRO 110 after exposure to DFMO in
vivo. (A) Long slender (LS) bloodstream form. (B) Intermediate
(INT) bloodstream form observed after 24-36 hours of exposure to
DFMO. (C) Short stumpy (SS) bloodstream form observed after 48
60 hours of exposure to DFMO. For size comparison, red blood
cells in background of photographs have an average diameter of 10
gm. lOOOx magnification.
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Table 1. Morphology* of EATRO 110 and LUMP 1.0 trypanosomes grown in
vivo.

Cell
Population

% LS

% INT

% SS

EATRO 110
LS

95 ± 19

5± 1

24 DFMOb

72 ± 14.4

17 ± 3.4

48 DFMOb

6 ± 1.2

45 ± 9

—
1 ± 0.2
49 ± 9.8

LUMP 1.0
LS

81 ± 16.2

19 ± 3.8

—

TRANS'

34 ± 6.8

39 ± 7.8

27 ± 5.4

* Morphology is determined by direct counting of 150-200 Giemsa stained
parasites from each population using phase contrast microscopy. The results are
shown with a 20% error at the 95% confidence interval.
b Infected rats were given DFMO in their drinking water, ad libitum, 24 or 48
hours before harvesting trypanosomes.
c Trypanosomes were determined to be naturally transforming based on phase
contrast microscopy.

the LS to the INT form. At 48 hours only a small percentage of the population
was LS (6%) while the remainder of the population was almost equally divided
between INT and SS forms (45% and 49% respectively).
Pleomorphic LUMP 1.0 trypanosomes were difficult to obtain at very high
percentages of LS forms in large enough numbers to experiment with. A sample
population of 81% LS and 19% INT forms was therefore used as the "LS"
population. The naturally transforming population of trypanosomes (termed
TRANS) represented a population undergoing natural transformation with
approximately equal numbers of all three morphological types present (34% LS,
39% INT, and 27% SS).

Polvamine Analysis,

The results of the polyamine analysis for each of the

populations of trypanosomes studied are shown in Table 2. Polyamine levels in
long slender EATRO 110 trypanosomes were found to be similar to those
determined previously in our laboratory (Giffin, 1989). Monomorphic EATRO
110 trypanosomes showed a rapid decrease in polyamines after 24 hours of
DFMO exposure in vivo. Putrescine was totally depleted by 24 hours whereas the
spermidine was reduced to 1/3 that of control (LS) levels. After 48 hours of
DFMO exposure the spermidine level was down further to approximately 1/5 of
the LS level. Spermine, in contrast, was detectable by 24 hours of DFMO
exposure but remained at low levels through the 48 hour time point.
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Table 2. Intracellular polyamine levels of trypanosome populations grown in vivo.

Cell
Population

n moles polyamines/107 trypanosomes
(mean ± S.E.M.*)

putrescine

spermidine

spermine

EATRO 110
0.255 ± 0.017

1.766 ± 0.109

—b

24 DFMOC

—

0.610 ± 0.022

<0.05d

48 DFMOC

—

0.310 ± 0.026

<0.05

LS

0.125 ± 0.007

1.419 ± 0.083

—

TRANSd

0.153 ± 0.004

2.310 ± 0.149

—

LS

LUMP 1.0

* For the S.E.M. of EATRO 110 samples n=4, for the LUMP 1.0 samples n = 3.
b Below the level of detectability.
c Infected rats were given DFMO in their drinking water ad libitum 24 or 48 hours
before harvesting trypanosomes.
d Polyamines detected but the amounts are below the level of quantisation.
e Trypanosomes were determined to be naturally transforming based on phase
contrast microscopy.

The putrescine level of the LS group of the pleomorphic LUMP 1.0 strain
was found to be approximately 1/2 that of the LS EATRO 110 strain.
Spermidine and spermine levels in LS LUMP 1.0 were found to be similar to
those found in the LS EATRO 110 strain. The most noteworthy differences were
found in the transforming LUMP 1.0 cells where increases in polyamines were
detected. Putrescine levels, in transforming LUMP 1.0 cells, were found to be
slightly higher than in the LS controls (0.125 and 0.153 n moles/107 cells
respectively). Spermidine levels in the naturally transforming cells were also
found to be elevated, however, to the extent of nearly 1.6 times that of control LS
values (2.310 vs. 1.419 n moles/107 cells). Transforming LUMP 1.0 did not show
any detectable spermine as did 24 and 48 hour DFMO-induced transforming
EATRO 110 trypanosomes.

Intracellular ATP Levels. Intracellular ATP levels of the five different
trypanosome populations were measured as another criterion in comparing the
biochemical events associated with DFMO-induced and naturally transforming
trypanosomes. The results of the ATP analysis are shown in Table 3. The results
show that the EATRO 110 strain was particularly influenced by the exposure to
DFMO especially at 24 hours where levels were found to be 2.6 times that of the
control (LS) population. At 48 hours of DFMO exposure the ATP levels were
1.76 times that of control (LS) however the amount was decreased from that
observed in the 24 hour sample.
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Table 3. Intracellular adenosine triphosphate (ATP) levels of trypanosomes
harvested from infected rats.

Cell
Population

p moles ATP/105 cells
(mean ± S.E.M.*)

% of LS cells6

EATRO 110
LS

6.07 ±0.11

100

24 DFMO'

15.77 ± 0.53

260

48 DFMO'

10.69 ± 0.10

176

LS

10.45 ± 0.09

100

TRANSd

13.11 ± 0.21

126

LUMP 1.0

' For S.E.M. of EATRO 110 LS and 24 DFMO samples n=5, for the 24 DFMO
sample n=3. For the S.E.M. of both the LS and TRANS LUMP 1.0 samples,
n=4.
b Percentages are calculated relative to the LS population within each of the two
strains of trypanosomes.
c Infected rats were given DFMO in their drinking water, ad libitum, 24 or 48
hours before harvesting trypanosomes.
d Trypanosomes were determined to be naturally transforming based on phase
contrast microscopy.

Transforming LUMP 1.0 trypanosomes exhibited a small increase in
intracellular ATP over their LS counterparts. The pleomorphic LS value of 10.45
p moles/10s cells is considerably higher than the 6.07 p moles/105 cells found in
the LS monomorphic EATRO 110 population. This difference in values between
the two LS populations may be species specific or may relate to the fact that the
LUMP 1.0 strain was 81% LS as compared to the 95% LS in EATRO 110.
Naturally transforming LUMP 1.0 trypanosomes showed 26% more ATP than the
LS LUMP 1.0. The naturally transforming trypanosomes exhibit increased
amounts of ATP just as observed in the EATRO 110 populations treated with
DFMO, however, the levels in the DFMO treated populations were much higher
as compared to their LS population.

Specific Activity of ^S-Methionine Labeled Protein. The specific activity of
soluble protein from trypanosomes labeled in vitro with “S-methionine was used as
an indicator of overall cellular protein synthesis. The results are shown in Table
4. The EATRO 110 strain showed a considerable decrease in its ability to
incorporate the radiolabeled amino acid into protein after exposure to DFMO.
After only 24 hours of exposure to DFMO in vivo trypanosomes were down to less
than one third (31.5%) of the control (LS) levels. At 48 hours of DFMO
exposure this level remained virtually the same at 31.7% of the control LS value.
The LS LUMP 1.0 population showed a specific activity of 7.91 cpm x 10s//igm
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Table 4. Specific activity of soluble protein from trypanosomes labeled with
“S-methionine in vitro.

Cell
Population

cpm* x 107

Mgm protein"

specific activity
cpm x 105/Mgm

% of LS cells'

EATRO 110
LS

15.59
15.04

161.66
173.87

9.13

100

24 DFMOd

2.443
2.177

65.39
95.58

2.87

31.5

48 DFMOd

2.433
2.356
2.434
2.221

72.17
88.45
78.95
92.51

2.84

31.7

LS

5.237
5.222

64.75
67.25

7.91

TRANS'

4.017
3.747

57.13
60.88

6.58

LUMP 1.0
100

83.2

* The cpm’s were determined from TCA precipitated protein collected on glass
fiber filters as described in the materials and methods. All data points shown.
b Protein was quantitated on solubilized trypanosomes as described in the
materials and methods. All data points are shown.
' Percentages are calculated relative to the LS population within each of the two
strains of trypanosomes.
d Infected rats were given DFMO in their drinking water, ad libitum, 24 or 48
hours before harvesting trypanosomes.
' Trypanosomes were determined to be naturally transforming based on phase
contrast microscopy.

protein which was very similar to the 9.13 cpm x K^/ggm protein obtained from
the EATRO 110 LS population. The results for naturally transforming LUMP 1.0
showed only a slight reduction (83.2% of LS control) in their ability to
incorporate the radiolabeled amino acid into protein.

Two-Dimensional Gels, The autoradiographs of the two-dimensional gels
were scanned on a densitometer as described and ellipse images of the most
prominent radiolabeled proteins were generated by the densitometer software.
Figure 7 is a photograph of the two-dimensional gel autoradiograph produced
from the EATRO 110 LS sample. This figure is shown as an example of the
autoradiographs obtained in the experiment. Figures 8-12 show the ellipse image
profiles of all five trypanosome populations studied. Clusters of proteins in
Figures 8-12 marked A (5 proteins) and B (2 proteins) show examples of proteins
that are common to both the EATRO 110 and the LUMP 1.0 strains. Clusters
marked C (2 proteins) and D (9 proteins) in the ellipse images outline examples
of groups of proteins that are specific to the EATRO 110 and the LUMP 1.0
strain respectively. Cluster E shows a group of 2 proteins common to both the
EATRO 110 and LUMP 1.0 strains.
Most notable in the autoradiographs, as illustrated by the ellipse images, is
the generalized reduction in the numbers and size of the protein spots in the
naturally transforming and DFMO induced transforming trypanosomes. In the
EATRO 110 samples (Figs. 8-10) exposure to DFMO caused a decrease in
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Figure 7.

Photograph o f the x-ray produced from the two-dimensional gel of
^ m e th io n in e labeled proteins o f the long slender (LS) EATRO
110 population. This photograph is shown as an example o f the
autoradiographs obtained in this study.
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IEF
Acidic

Basic

SDS-PAGE

-14

protein spots observed. Cluster A in LS EATRO 110 shows 5 proteins, however,
after 24 hours of DFMO cluster A shows only 2 proteins. By 48 hours of DFMO
exposure none of the original 5 proteins could be observed in cluster A. LUMP
1.0 samples showed similar results for cluster A. LS LUMP showed 5 proteins in
cluster A, however, transforming LUMP showed only 2. Similar results are shown
in clusters B, C, and D.
Cluster E, shown on all 5 ellipse images (Figures 8-12), did not follow the
same pattern of disappearance as did most all other proteins in response to
transformation. These two proteins appeared to increase in EATRO 110 after 24
hours of DFMO exposure as compared to the LS autoradiograph. At 48 hours
these two proteins appeared to be diminished in quantity, however they were still
clearly visible. In the LUMP 1.0 samples the two proteins in cluster E remained
at approximately the same levels in both the LS and naturally transforming
samples.
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Key to Ellipse Images of Two-Dimensional Gels. Figures 8-12.

A

Cluster of five proteins common to both EATRO 110 and LUMP 1.0
strains of trypanosomes.

B

Cluster of two proteins common to both EATRO 110 and LUMP 1.0
strains of trypanosomes.

C

Cluster of two proteins found only in the EATRO 110 strain of
trypanosomes.

D

Cluster of nine proteins found only in the LUMP 1.0 strain of
trypanosomes.

E

Cluster of two proteins found in both EATRO 110 and LUMP 1.0 strains
of trypanosomes.

>■

Arrows are used to indicate a location where a protein has disappeared
from.

IEF

Isoelectric focusing.

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis.
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Figure 8.

Two-dimensional image produced by densitometry of the long
slender (LS) EATRO 110 population of trypanosomes.
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Figure 9.

Two-dimensional image produced by densitometry of the 24 hour
DFMO EATRO 110 population of trypanosomes.
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Figure 10.

Two-dimensional image produced by densitometry of the 48 hour
DFMO EATRO 110 population of trypanosomes.
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Figure 11.

Two-dimensional image produced by densitometry of the long
slender (LS) LUMP 1.0 population of trypanosomes.
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Figure 12.

Two-dimensional image produced by densitometry of the naturally
transforming (TRANS) LUMP 1.0 population of trypanosomes.
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CHAPTER IV
DISCUSSION

Transformation of LS to SS bloodstream form trypanosomes in the
mammalian host has drawn considerable attention in recent years because of its
apparent necessity for continuation of the life cycle. Since this transformation
event is such a critical point in the life cycle it may be highly vulnerable as a
chemotherapeutic target. The use of DFMO as an agent to initiate trypanosomal
transformation, both in vivo and in vitro, appeared to be an excellent model for
studying this event. This is illustrated by the finding that trypanosomes DFMOtreated in vivo have been shown to undergo mitochondrial biogenesis consistent
with their increased ability to transform into procyclic forms (those forms found in
the tsetse fly midgut) on cultivation at 27°C (Giffin, 1986). Optimum
transformation to the procyclic stage occurred after 4-5 days of DFMO exposure
but then decreased dramatically by day 6 when stumpy forms predominate.

Thus

it has been proposed that the stumpy phenotype may not be a viable stage in the
life cycle of the parasite (Giffin, 1986). However, a study by Michelloti et al.
(1987) using T. brucei grown in immunosuppressed, rather than DFMO-treated,
animals concluded that the stumpy developmental stage is obligatory for passage
into the tsetse fly . These conflicting results, among others, have clearly
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demonstrated the need for a more thorough comparison between DFMO-induced
and naturally transforming trypanosomes.
The growth patterns (Fig. 5) and morphological analysis (Table 1) of the
two trypanosome strains illustrate some of the differences between the organisms.
Monomorphic EATRO 110 trypanosomes were easily obtained in large numbers
because of their highly predictable growth pattern. The disappearance of
trypanosomes in the host after approximately 3 days of DFMO treatment was
noteworthy (Fig. 5 B). Over a several hour period the number of trypanosomes
went from levels of 108 - 109 cells per ml blood down to undetectable levels
presumably because of the initiation of a T-cell independent B-cell mediated
humoral response (Bitonti, 1986; Seed, 1987). The pleomorphic LUMP 1.0 strain
was much more difficult to work with than the monomorphic EATRO 110 strain.
Large numbers of LUMP 1.0 trypanosomes, highly enriched with LS forms, were
difficult to obtain because transformation began during the rising parasitemia.
From the standpoint of the morphological analysis in Table 1 it seems reasonable
to conclude that the sample population used as the naturally transforming
(TRANS) trypanosomes would be comparable to a DFMO-treated population
between 24 hours and 48 hours of treatment in vivo.
Levels of intracellular polyamines in the long slender monomorphic
EATRO 110 sample were consistent with data previously reported in the
literature (Giffin, 1986). Fairlamb et al. (1987) exposed a pleomorphic strain of
T. brucei to DFMO in vivo and found a complete depletion of putrescine by 12
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hours and a decrease in spermidine of 60% by 36 hours of exposure. In addition
they found trace amounts of spermine after 12 and 36 hours of DFMO exposure.
In the present study we also found a depletion of putrescine and a 65% reduction
of spermidine after 24 hours of DFMO exposure as well as traces of spermine
appearing at 24 hours.
There is no data available in the literature on the polyamine levels of
naturally transforming trypanosomes. However, Fairlamb et al. (1987) compared
the LS EATRO 110 with the LS pleomorphic strain used in his study (T. brucei
strain 427, clone 118) and found that the pleomorphs contain slightly lower levels
of putrescine and spermidine. They reported putrescine levels of 0.3 versus 0.304
n moles/107 cells and spermidine levels of 1.2 versus 1.35 n moles/107 cells for
clone 427 and EATRO 110 respectively. The putrescine and spermidine levels of
the LS LUMP 1.0 strain used in this study were found to be 0.125 and 1.419 n
moles/107 cells respectively (Table 2). This shows a relatively small difference
between the spermidine levels, however the putrescine levels are about 60% lower
in the LS LUMP 1.0 strain than the strain 427. This difference may be attributed
to strain specificity or to the fact that the percentage of LS forms in the sample of
strain 427 is not addressed by Fairlamb et al. (1987).
Most notable from the polyamine analysis is the finding that the naturally
transforming LUMP 1.0 cells were found to have higher levels of putrescine and
spermidine. Putrescine levels were up only slightly, however, spermidine levels
were nearly 60% higher in the naturally transforming trypanosomes as compared
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to their LS controls. This data suggests that polyamine depletion is not a
prerequisite for the initiation of natural transformation as in DFMO transformed
monomorphic trypanosomes.
Dramatic increases in intracellular ATP levels have previously been
observed in trypanosomes treated with DFMO in vivo for 36 and 60 hours
(unpublished data). Although the mechanism(s) responsible for this perturbation
of ATP levels observed are unknown, it seemed to be a reasonable parameter to
use in comparing DFMO-induced and naturally transforming trypanosomes. The
relationship between polyamine and ATP levels is not obvious, and given the fact
that ATP rises so dramatically in response to DFMO, it is logical to conclude that
the association would be symptomatic of drug effects and not associated with the
natural transformation event.
As previously observed, DFMO treated EATRO 110 trypanosomes
exhibited higher levels of intracellular ATP after 24 and 48 hours of DFMO
exposure in vivo (Giffin, unpublished data). This effect was most dramatically
observed at 24 hours where levels were 260% those of control LS cells. Naturally
transforming LUMP 1.0 trypanosomes in contrast, showed a modest 126%
increase over their control LS values.
There are at least several possible explanations to explain the elevated
levels of ATP in both the natural and DFMO-induced transforming trypanosomes.
Mitochondrial activation in both naturally transforming and DFMO-induced
transforming trypanosomes has been reported recently and could contribute to

81

higher ATP levels (Bienen, 1991; Giffin, 1986). It has been demonstrated
mitochondrial activation of DFMO treated trypanosomes on the basis of increased
specific staining for the mitochondrial marker NAD diaphorase and on electron
microscopic analysis that shows mitochondrial proliferation and cristae
development in trypanosomes grown in vitro for 48 hours with 100 mM DFMO
(Giffin, 1989). More recently Bienen et al. (1991) has postulated that the
mitochondria of transitional intermediate and short stumpy pleomorphic forms
produce ATP. This is based on the finding that the mitochondria of transitional
forms accumulate rhodamine 123 whereas the LS forms do not. The
accumulation of rhodamine 123 reveals the development of an electromotive force
across the inner mitochondrial membrane which, when combined with other data,
suggests that ATP is produced (Bienen, 1991).
Another possible explanation for the apparent increase in ATP levels,
especially in the DFMO treated trypanosomes, is that there is a reduction in ATP
consumption by other cellular processes, such as synthesis of macromolecules, as a
consequence of transformation. This may be reflected in the reduced rate of cell
division which would have served to dilute the ATP pool. Polyamines have been
shown to be involved in nucleic acid synthesis and protein synthesis as previously
discussed. The inability to carry on these highly energy demanding processes
because of decreased amounts of polyamines in the DFMO treated trypanosomes
could lead to the observed increases in ATP. In naturally transforming
trypanosomes this same process could be occurring but for reasons other than
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polyamine deficiency since they exhibited increases in both putrescine and
spermidine when transforming.
The inability of both naturally and DFMO-induced trypanosomes to
synthesize protein appears to be the most logical explanation for increased ATP
levels. The specific activity of soluble proteins from trypanosomes labeled with
“S-methionine (Table 4) indicated that both natural and DFMO treated
trypanosomes had decreased ability to incorporate the radioactive amino acid into
protein. A closer examination of the ATP levels (Table 3) and specific activity of
labeled proteins (Table 4) reveals an inversely proportional relationship.
Trypanosomes treated with DFMO for 24 hours have 2.6 times the level of ATP
and 30% the specific activity of the control LS sample. The trypanosomes treated
for 48 hours show a similar trend. The naturally transforming trypanosomes
showed only 1.26 times the level of ATP and a moderate 17% reduction in
specific activity of labeled protein as compared to LS controls. This data implies
that the increases in ATP levels may be related to the inability of trypanosomes to
synthesize protein.
The decreased levels of protein synthesis found in both DFMO-induced
and naturally transforming trypanosomes is significant for several reasons. There
has previously been some controversy in the literature regarding protein synthesis
in DFMO treated trypanosomes. Bacchi et al. (1983) first reported EATRO 110
trypanosomes treated with DFMO for 36 hours in vivo exhibited a 50-100%
decline in RNA and DNA synthesis along with a paradoxical 2 to 4-fold
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stimulation of protein synthesis. This study was followed by Bitonti et al. (1988)
who demonstrated a 30-40% reduction of pH] leucine incorporation in EATRO
110 trypanosomes treated for 24 hours in vivo with DFMO. At 48 hours the
reduction was 80-90% that of control. The discrepancy between the results of the
two investigations was attributed to the complexity of the labeling medium.
Bacchi used a simple salts labeling medium whereas Bitonti labeled in a more
complex medium supplemented with fetal bovine serum. This latter medium was
found to be more sensitive to known inhibitors of proteins synthesis (Bitonti,
1988).
In the present study we not only used a complex medium supplemented
with fetal bovine serum but also labeled the trypanosomes in culture flasks with a
confluent monolayer of feeder cells. In addition, protein synthesis was expressed
as a specific activity rather than cpm’s/cell as to eliminate variability in the
volume of LS and transforming cells. Taking these factors into account, both the
24 hour and 48 hour DFMO treated cells showed a near 70% reduction in their
specific activity of labeled protein. These values are consistent with the results of
Bitonti et al. (1988) when trypanosomes were DFMO treated in vitro for 24 and
48 hours.
The two-dimensional gels of radiolabeled proteins were run in order to
identify transformation-associated proteins in both DFMO-induced and naturally
transforming trypanosomes. It was surprising to find a generalized decline in the
number of proteins and in the ability to sharply focus them after both drug-
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induced and natural transformation as illustrated by the disappearance of proteins
in clusters A, B, C, and D in Figures 8-12. The generalized decline in newly
synthesized proteins during transformation and reported mitochondrial activation
may suggest that the proteins required to carry out this event are not under
translational regulation. Inactive forms of the proteins necessary for
transformation may be present allowing the organism to adapt rapidly to a change
in environment such as in the transfer to the tsetse fly midgut.
Gels of the LS forms of both strains used in this study consistently showed
the greatest number of proteins (several hundred) and the sharpest images
(Figures 8 and 11). There are several possible explanations for this observation.
First, the labeling period was relatively short (2 hours) so only proteins being
synthesized during that time interval would be labeled. The results for the
specific activity of the labeled proteins, showing decreases in protein synthesis in
both types of transforming trypanosomes, would translate into less protein loaded
on the gels since similar amounts of radioactivity were loaded and not similar
amounts of protein.
Another possible explanation is that transforming trypanosomes have more
protease activity than the long slenders. Recently Pamer et aL (1989) reported a
developmental^ regulated 28 kDa cysteine protease in T. brucei. They found that
both naturally and DFMO-induced transforming trypanosomes contain more
protease activity than their corresponding LS forms. Other studies have also
suggested that the short stumpy trypanosomes contain larger and more active
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digestive vacuoles than slender trypanosomes (Langreth, 1975). In the present
study the protein samples were prepared in the presence of the protease inhibitor
PMSF, however, Pamer et aL (1989) further demonstrated that the 28 kDa
protease was not inhibited by PMSF. The possibility of a contaminating protease
along with the lower specific activity of the transforming trypanosome protein
samples loaded on the two-dimensional gels together could account for the
observed differences of decreased numbers of proteins and lack of sharpness
between LS and transforming trypanosomes.
An overall comparison of the two-dimensional protein patterns of LS
EATRO 110 and LUMP 1.0 cells were quite different, however, there were some
homologous protein clusters (clusters A, B, and E in Figures 8-12). The most
notable proteins are the two acidic proteins of 40-45 kDa in cluster E which
appeared to remain, or increase, in abundance at a time when all other proteins
are decreasing in both the DFMO-induced and naturally transforming
trypanosomes. This would suggest that these two proteins may be important for
transformation of both DFMO and naturally transforming trypanosomes.
Recently several researchers have reported the phosphorylation of a 42 kDa
protein in both naturally and DFMO-induced transforming trypanosomes.
Aboagye-Kwarteng et al. (1991) further demonstrated that this 42 kDa protein is
acidic would be consistent with the findings here. Parsons et al. (1990) also
demonstrated increasing amounts of a 42 kDa phosphoprotein in both DFMOinduced and naturally transforming trypanosomes. They further showed that there
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are, however, differences in phosphorylation of other proteins between natural
and DFMO-induced transforming trypanosomes and concluded that DFMOinduced stumpy forms are not entirely homologous to the naturally occurring
stumpy forms (Parsons, 1990).
Understanding the mechanism(s) responsible for LS to SS transformation
of bloodstream form trypanosomes is of central importance to designing new
drugs to combat this organism. Transformation induced by DFMO has been
thought of in the past as a good tool to be used to study this event. There has,
however, been some doubt as to whether DFMO precisely duplicates the natural
transformation process. The data presented here show that there are several
aspects in common between natural transformation and DFMO-induced
transformation including a decrease in protein synthesis, an increase in
intracellular ATP, and the presence of two 40-45 kDa newly synthesized acidic
proteins. Differences between natural transformation and DFMO-induced
transformation are in phosphorylation of proteins, as determined by others
(Aboagye-Kwarteng, 1991; Parsons, 1990), and more importantly the differences in
intracellular polyamine levels. In conclusion, although both types of
transformations share several common characteristics, at least to some extent, they
are different due to the fact that the intracellular polyamine levels in naturally
transforming trypanosomes increase as opposed to the prerequisite decrease in
DFMO-induced transforming trypanosomes.
The findings here suggest that DFMO-induction of trypanosomal
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transformation is not a perfect model system for studying this important event in
the trypanosome life cycle. The use of DFMO as an inducer for trypanosomal
transformation has, however, been very useful for studying other related areas
such as host-parasite interaction with transformed trypanosomes and, more
importantly, as a successful cure in experimental animal and human infections.
Although DFMO-induced trypanosomes appear similar in many respects to the
naturally transforming trypanosomes further research studying the mechanisms of
transformation using this drug as the model should be careful not to assume that
the two systems are identical.
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CONCLUSIONS

1.

Both naturally and DFMO-induced transforming trypanosomes have a
decreased ability to incorporate “S-methionine into protein.

2.

Both naturally and DFMO-induced transforming trypanosomes have
increased levels of intracellular ATP.

3.

Both naturally and DFMO-induced transforming trypanosomes show
reduced numbers and lower activity of "S-methionine labeled proteins on
two-dimensional gels.

4.

Naturally transforming trypanosomes show increases in intracellular
polyamines, specifically spermidine, while polyamine depletion is associated
with transformation induced by DFMO.

5.

DFMO-induced transformation occurs by a different mechanism(s) than
that which occurs naturally during the course of a trypanosome infection.

6.

Further research projects studying trypanosomal transformation with
DFMO as the inducer should be careful not to assume that this
transformation is identical to the transformation which occurs naturally.
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